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Abstract
Several studies suggest that physical activity improves cognitive functions and reduces cog-
nitive decline, whereas others did not find any evidence of a neuroprotective effect. Further-
more, few cohort studies have analyzed the different physical activity types and particularly
household activities. Our objective was to assess the association of two physical activity
types with the decline in different cognitive domains in a large prospective cohort of commu-
nity-dwelling older adults from the Three-city study. Physical activity (domestic/transporta-
tion activities and leisure/sport activities) was assessed with the Voorrips questionnaire,
specific for older adults. Baseline sociodemographic and health history variables as well as
cognitive performance data at baseline and during the 8-year follow-up (Mini-Mental State
Examination, Benton Visual Retention Test, Trail Making Tests A and B, Isaac’s Set Test
and Free and Cued Selective Reminding Test) were also available. Associations between
physical activity scores and cognitive decline in different domains were tested using mini-
mally- and multi-adjusted linear mixed models. The analysis included 1697 participants with-
out dementia at baseline and with at least one follow-up visit. At baseline, participants with
higher sub-scores for the two physical activity types had better cognitive performances.
Interaction with time showed that decline in some cognitive scores (Trail Making Test B and
Isaac’s Set Test) was significantly less pronounced in participants with higher household/
transportation activity sub-scores. No significant effect over time was found for leisure/sport
activities. This study shows that during an 8-year follow-up, executive functions and verbal
fluency were better preserved in older adults who performed household/transportation activ-
ities at moderate to high level. Participation in domestic activities and using adapted trans-
port means could allow older adults to maintain specific cognitive abilities.
Introduction
During the natural process of ageing, some cognitive abilities, such as vocabulary and implicit
memory, do not seem to decline and may even improve. Conversely, other abilities, such as
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attention, executive functions, processing speed and working memory, progressively deterio-
rate over time [1]. This long process is accelerated by the presence of neurodegenerative dis-
eases. Furthermore, memory deficits are a central symptom in Alzheimer’s disease, but
semantic and verbal abilities also are impaired [2]. This leads to poor quality of life due to
reduced daily life functioning and increased disability. Fewer years of education, the presence
of the APOE E4 allele, traumatic brain injuries, obesity, diabetes, metabolic syndrome, hyper-
tension and unhealthy diet are considered risk factors of cognitive decline [3, 4].
The protective effect of physical activity also has been investigated. In its report on reducing
the risks of cognitive decline and dementia [5], the World Health Organization (WHO) con-
cluded, based on low to medium quality evidence, that physical activity (PA) has a modest pro-
tective effect on cognition and that this effect might be due to aerobic exercise. Baumgart et al
[4] summarized the results of the independent evaluation by the Alzheimer’s Association of
systematic reviews and meta-analysis, longitudinal and cross-sectional studies and randomized
controlled trials (RCTs) on risk factors for cognitive decline, and found that PA—even as light
as walking—is associated with a reduced risk of cognitive impairment and/or improved cogni-
tive functions. However, they did not determine the optimal PA duration, type and intensity.
Conversely, a Cochrane review [6] found no evidence in the available data from RCTs that aer-
obic PA brings cognitive benefit to cognitively healthy older adults. Although several studies
suggest that PA could improve cognitive function and reduce cognitive decline [7], others
found no evidence of a neuroprotective effect [8]. Moreover, few cohort studies evaluated the
different PA types, particularly household activities [9]. Therefore, the debate is open on the
magnitude of PA effects, the cognitive domains that might most benefit, and the most suitable
PA types.
In this study, our objective was to analyze the association between two PA types and the
decline over time of different cognitive domains in a large prospective cohort of older adults.
Materials and methods
Study design
The Three-city (3C) study is a multi-site community-living cohort of 9,294 participants aged
65 years and over. Participants were recruited between 1999 and 2001 from the electoral rolls
of three French cities: Bordeaux, Dijon, and Montpellier. The aim was to study the impact of
cardiovascular factors on the risk of dementia [10]. A face-to-face interview and a clinical
examination were performed at inclusion and at every follow-up visit, at 2 (wave 1, W1), 4
(W2), 7 (W3), 10 (W4), 12 (W5), 15 (W6), and 17 (W7) years after inclusion (S1 Table).
The PA questionnaire was introduced at W3 for the Montpellier center and at W4 for the
Bordeaux center (2515 participants). Therefore, the analyzed sample included only partici-
pants who completed this questionnaire, and the baseline evaluation refers to W3 and W4 for
Montpellier and Bordeaux, respectively. The study protocol was approved by the University
Hospital of Kremlin-Bicêtre Ethics Committee. Each participant signed an informed consent
form.
Cognition assessment
Five cognitive tests were administered by neuropsychologists at each visit to evaluate different
cognitive domains: global cognitive function was assessed with the French version of the Mini-
Mental State Examination (MMSE) [11], visual working memory by the Benton Visual Reten-
tion Test (BVRT) [12], psychomotor speed and executive functions by the Trail Making Test
Part A and B (TMTA and TMTB) [13], verbal fluency by the Isaacs’s Set Test (IST total score
[14, 15] that corresponds to the sum of the number of words generated in four semantic
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categories—animals, colors, cities, fruits—in 30 seconds), and verbal episodic memory by the
Free and Cued Selective Reminding Test (FCSRT) [16]. For this analysis, the FCSRT "free
recall score" (total number of words retrieved at the three free recall trials) and "total recall
score" (total number of words retrieved at the three free and cued recall trials) were used; both
scores range from 0 to 48 [17].
Physical activity assessment
PA was assessed with the self-report Voorrips questionnaire [18] that is designed to estimate
PA in older adults. This questionnaire includes three parts: household/transportation activi-
ties, leisure time activities, and sport activities. The household/transportation activity part con-
sists of ten questions (four to five possible scores for each item) about housework, preparing
meals, shopping, and transportation (car, public transportation, bicycle, walking). The total
sum (divided by 10) constitutes the first sub-score used in the present analysis. The leisure
time and sport activity parts include questions on the type of activity, number of hours per
week, and number of months per year. The activity types are associated with intensities that
are determined according to the activity energetic costs. Sitting unloaded activities, which are
mainly cognitive, were excluded from the scoring in the present study. Therefore, only stand-
ing and sport activities were considered. All leisure time and sport activities were pooled in the
leisure/sport activity sub-score (intensity� number of hours per week� number of months
per year). As the appropriate activity level thresholds for the household/transportation and lei-
sure/sport sub-scores were previously determined in the 3C cohort [19], participants could be
classified in three groups according to their sub-scores: <1.6, [1.6;2] and>2 for household/
transportation activities, and 0,] 0;8.18] and >8.18 for leisure/sport activities.
Dementia diagnosis
At baseline and at each follow-up visit, all participants recruited in Montpellier were routinely
examined by a neurologist at each follow-up visits. In Bordeaux, after an extensive cognitive
and functional evaluation by a neuropsychologist specifically trained in dementia diagnosis,
only participants with suspicion of dementia were examined by a neurologist. For both centers,
a panel of independent neurologists expert in dementia reviewed all the existing information
on the participants with suspected dementia at each visit, and a consensus on the diagnosis
was obtained according to the Diagnostic and Statistical Manual of Mental Disorders, 4th edi-
tion (DSM-IV), revised criteria and etiology [20]. Participants with prevalent dementia at base-
line (W3 Montpellier and W4 Bordeaux) were excluded from the present analysis.
Baseline socio-demographic and clinical variables
Socio-demographic variables included sex, age, study center, and education level (<6 years,
6–11 years, and>11 years). Lifestyle variables were: consumption of alcohol (0.1–36 g/day,
>36 g/day) and of fruits and vegetables (less than twice per day). Health status variables
included diabetes (declared, treated, or glycaemia�7 mmol/L), body mass index (BMI, Kg/m2
in three classes), self-reported cardiovascular diseases (stroke, angina pectoris, myocardial
infarction, cardiac and vascular surgery), hypertension (treated, or blood pressure�160/95
mmHg) and depression [Center for Epidemiologic Studies Depression Scale (CES-D [21])
scores�16, or antidepressant treatment: Anatomical Therapeutic Chemical code N06A]. Par-
ticipants with at least one ε4 allele were defined as APOE e4 carriers. Benzodiazepine use and
a hierarchical disability indicator were also included. The disability indicator was calculated by
combining the Rosow and Breslau Mobility Scale, Lawton-Brody Instrumental Activity of
Daily Living (IADL) scale, and Katz Activity of Daily Living (ADL) scale [22].
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Statistical methods
Baseline characteristics were compared between included and excluded participants using the
chi-square and Wilcoxon rank-sum tests.
To keep in the analysis participants with missing baseline data, multiple imputations were
carried out using a fully conditional specification method with discriminant function for the
nominal variable [23]. The missing values represented 2% of all data for 28 variables. The SAS
PROC MI procedure [24] with the FCS DISCRIM option for categorical variables and five
imputations was used.
The participants’ characteristics were compared according to their household/transporta-
tion and leisure/sport activity sub-score group, and differences were tested with the Chi-square
and Wilcoxon rank-sum tests. Associations between baseline PA groups and changes in cogni-
tive performances were analyzed using linear mixed regression models. Separate models were
performed for each cognitive test with each cognitive score as dependent variable (baseline
and follow-up measures). As several cognitive scores had a skewed distribution, they were
transformed using the most adapted functions: (15-BRVT)1/2, (30-MMSE)1/2, natural loga-
rithm of the TMT scores, and (48-FCSRT total recall score)1/2. The effect of each potential con-
founding variable (main-effect term and interaction-with-time term) was also examined
separately with a linear mixed model adjusted for sex, age, center, and education level. Covari-
ates were selected if significant (p<25%) for at least one term and one cognitive test. First, the
relation with the three PA sub-score groups was adjusted for age at baseline, sex, study center
and education level, and their interaction with time for age and study center (minimally
adjusted model). Then, the model was additionally adjusted for the selected covariates (con-
sumption of fruits and vegetables, alcohol, BMI, hypertension, diabetes, cardiovascular disease,
APOE carrier, depression and benzodiazepine use) and their time interactions if significant
(for BMI, hypertension, diabetes, APOE carrier, depression). Interactions between PA groups
and sex, age and educational level were also tested. The mixed model analyses were carried out
using the five imputed datasets. The estimates were then combined using the SAS MIANALYZE
procedure. Additional sensitivity analyses were performed to address possible reverse causality.
Specifically, models were restricted to participants without IADL/ADL limitations at baseline
and also to those free of dementia at all follow-up visits. All statistical analyses were carried out
with SAS, version 9.4.
Results
Among the 2515 participants at baseline, 244 were not included because of dementia at base-
line and 124 because they were confined at home. In addition, 29 participants were excluded
because of missing baseline cognitive tests, 276 because they did not have any follow-up visit,
and 145 due to absence of the two baseline PA sub-scores. Finally, 1697 participants were
included in the analysis. Excluded individuals were older (p<0.0001), less likely to be women
(p = 0.0126), with lower education level (p = 0.0034), less fully independent (p<0.0001), and
with more depressive symptoms (p = 0.0002).
Sample description
At baseline, the median age was 79.7 years (IQR 76.9–83.0), 63.5% of participants were
women, and 17.5% had at least one APOE e4 allele. Moreover, 10.1% consumed fruits and veg-
etables less than twice per day and 10.6% were obese. Concerning comorbidities, 68.7% had
blood hypertension, 10.4% diabetes, 16.3% had cardiovascular diseases, 17.9% had depression,
and 18% took benzodiazepines. When participants were divided in three groups according to
their PA sub-scores, being older, dependent or obese or having hypertension was significantly
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associated with lower PA scores both for household/transportation and leisure/sport activities.
Diabetes and cardiovascular diseases were only associated with lower household/transporta-
tion PA scores, while low educational level, low fruit and vegetable consumption, depression,
and taking benzodiazepines were only associated with lower leisure/sport PA scores. Regard-
ing sex distribution, the percentage of women was significantly higher in the group with the
highest household/transportation PA sub-score and lower in the group with the highest leisure/
sport PA sub-score. Alcohol consumption was associated with lower household/transportation
PA sub-score and higher leisure/sport PA sub-score (Table 1 and S2 Table). All baseline cogni-
tive scores were significantly better in participants with higher PA sub-scores, except for the
BVRT and FCSRT total recall scores that did not differ in the three household/transportation
(p = 0.06) and leisure/sport activity PA groups (p = 0.76), respectively.
Physical activity and cognitive decline over the 8 years of follow-up
The median (IQR) follow-up time was 7.9 years (7.5–8.1). The results of the model adjusted
for sex, age, center and education level (Table 2) showed that at baseline, participants in the
intermediate household/transportation PA group had better BRVT, TMTA, TMTB, IST and
FCSRT-free recall scores (but TMTA and FCSRT-free recall scores were better only in the
highest sub-score group). Similarly, intermediate and higher leisure/sport PA sub-scores were
associated with better TMTA, TMTB, IST and FCSRT-free recall scores. The interaction with
time showed that the cognitive performance assessed by the TMTB and IST decreased slower
over time in participants in the highest household/transportation PA group and for TMTB
also in the intermediate group. Conversely, no significant effect over time was found for the
leisure/sport activities.
The second model (Table 3), adjusted for all selected covariates and their interaction with
time, if significant, showed that the PA sub-scores were no longer significantly associated with
the baseline BRVT and TMTB scores. The interaction between household/transportation PA
groups and time remained significant for the TMTB (p = 0.03) and IST (p = 0.009) scores,
suggesting a slower decline over time, and was borderline significant for the TMTA scores
(p = 0.06). For instance, according to the parameters estimated by this multi-adjusted model,
in 80-year-old participants from Bordeaux without comorbidity (obesity, hypertension, diabe-
tes, depression) and without ApoE allele 4, the mean IST decline was 0.90 word per year in the
low-level and 0.69 word per year in the high-level household/transportation PA group. For
TMTB, in the same participants, the mean time in seconds to perform the test was multiplied
by 1.049 and by 1.039 each year in the low-level and high-level household/transportation PA
groups, respectively. For a baseline TMTB score of 100 seconds, this would correspond
approximatively to an increase of 4.9 and 3.9 seconds per year, respectively. Again, no signifi-
cant effect over time was found for the leisure/sport activities.
The interactions of sex, age, and education with the household/transportation and leisure/
sport PA groups were not significant, including the interaction with time.
Sensitivity analyses
When only participants without IADL/ADL limitations at baseline were included (n = 1461),
the interaction between household/transportation PA groups with time remained significant
for the TMTB and IST scores in the multi-adjusted models. Moreover, the interaction between
household/ transportation PA scores and time became significant also for the TMTA scores (β
(SE) = -0.01(0.004) and p = 0.014)). Whatever the cognitive function analyzed, no significant
interaction with time was observed for the leisure/sport PA groups.
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When the incident cases of dementia during the follow-up were excluded, the results for
the interaction with time were similar for the TMTB [β(SE) = -0.01(0.008), p = 0.054] and IST
scores [β(SE) = 0.15(0.08), p = 0.061].
Discussion
In this prospective cohort of community-dwelling participants older than 72 years of age, the
decline over time in the TMTB (executive functions) and IST (verbal fluency) was significantly
Table 1. Participants’ characteristics according to their level of household and transportation-related physical activities, n = 1697.
Baseline household and transportation activities
�1.6 ] 1.6–2.0] >2.0 Chi2 test p value
n = 622 n = 580 n = 495
% % %
Sex, female 44.53 66.72 83.64 < .0001
Education level 0.3088
<6 years 23.67 22.11 22.06
6–11 years 25.44 30.74 29.96
>11 years 50.89 47.15 47.98
Hierarchical disability indicator < .0001
Fully independent 34.38 42.04 51.4
Mild disability 41.01 46.48 44.3
Moderate to severe disability 24.61 11.48 4.3
Fruit and vegetable consumption 0.71
less than twice per day 10.78 10.16 9.26
Alcohol 0.0095
0 29.45 31.09 36.84
1–36 g/day 65.21 65.8 60.73
> 36 g/day 5.34 3.11 2.43
Body mass index < .0001
Normal (<25) 43.79 56.24 63.43
Overweight (25–30) 42.16 33.74 29.75
Obese (�30) 14.05 10.02 6.82
Treated hypertension or blood pressure�160/95 mm Hg 76.05 67.41 60.81 < .0001
Diabetes 14.31 10.55 5.3 < .0001
Cardiovascular disease 22.03 15.69 9.7 < .0001
Depressive symptoms (CES-D�16 or treatment) 16.67 17.77 19.46 0.4893
Benzodiazepine use 20.26 16.55 16.77 0.1752
APOE4 allele 14.14 16.82 22.27 0.0021
Median (IQR) Median (IQR) Median (IQR) Wilcoxon test
Age 81 (74–87) 80 (73–86) 78 (72–84) < .0001
MMSE score 28 (26–30) 28 (26–30) 29 (27–31) 0.03
BVRT score 12 (9–15) 12 (10–14) 12 (10–14) 0.06
TMTA (in seconds) 51 (24–78) 47 (23–71) 46 (23–69) 0.0002
TMTB (in seconds) 103 (36–170) 94 (40–148) 98 (46–150) 0.01
IST score 45 (30–60) 48 (34–62) 48 (35–61) 0.0002
FCSRT "free recall score" 25 (15–35) 26 (18–34) 26 (18–34) < .0001
FCSRT "total recall score" 46 (41–51) 47 (43–51) 47 (44–50) 0.0003
BVRT: Benton Visual Retention Test, FCSRT: Free and Cued Selective Reminding Test, IQR: interquartile range, IST: Isaacs Set Test, MMSE: Mini-Mental State
Examination, TMTA or TMTB: Trail Making Tests A or B.
https://doi.org/10.1371/journal.pone.0252500.t001
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slower in participants who reported moderate or high level of household/transportation-
related PA, whereas the TMTA (psychomotor speed) performance change was almost sig-
nificant. At baseline and in the multi-adjusted models, the two PA sub-scores (household/
transportation and leisure/sports activities) were also positively associated with better TMTA,
IST and FCSRT ("free recall") scores. During the follow-up, the increase in the time required
to perform the TMTB was almost one second shorter per year, while the decline in the number
of generated words in the IST was reduced by approximately 0.2 words per year in the high-
level household/transportation activity group compared with the low-level household/trans-
portation activity group. These longitudinal results remained significant after adjustment for a
large number of variables, including diabetes, cardiovascular diseases and hypertension, and
also in the sensitivity analyses that excluded participants with incident dementia or moderate
to severe disability.
Our study has several limitations. First, in our aged sub-sample of the 3C cohort
(median = 80 years), the level of leisure and sports activities was relatively low. Although this
was representative of PA in this age category, 40.4% of them did not perform any activity of
this type, and this may preclude the detection of a significant PA effect. Second, their low PA
level could be also a consequence of comorbidities or frailty. However, the effect of household/
transportation-related PA persisted after adjustment for many different comorbidities and risk
Table 2. Association of physical activity with cognitive changes (minimally adjusted model�).
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�Models adjusted for age, sex, study center, education level, and time by age and time by study center interactions.
SE standard error, sqrt: square root, ln: natural logarithm.
BVRT: Benton Visual Retention Test, FCSRT: Free and Cued Selective Reminding Test, IST: Isaacs Set Test, MMSE: Mini-Mental State Examination, TMTA or TMTB:
Trail Making Tests A or B.
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factors. Third, low PA could also be a consequence of a pre-dementia state. However, the long
follow-up (8 years) and the sensitivity analysis after exclusion of participants with incident
dementia limited this possibility. Fourth, PA was measured using a self-report questionnaire
that might be susceptible to information bias (misreport of activity or frequency and duration
overestimation). However, the Voorrips questionnaire has been specially designed for older
adults and has been validated for light and high activities [25]. Finally, each cognitive test was
analyzed separately and this could raise the issue of test multiplicity that might increase the
false positive rate. However, each cognitive test assessed a specific cognitive domain, and PA
might influence these cognitive domains in different ways.
Our study has several strengths. First, this was a longitudinal and multi-center study with a
large sample size (n = 1697). Cognition was assessed with different tests that allowed evaluating
global cognition and specific cognitive domains (working memory, executive functions, verbal
fluency, verbal episodic memory). PA was assessed using the Voorrips questionnaire that is
specific for older adults and allows analyzing two PA types: household/transportation activities
and leisure/sports activities.
Table 3. Associations of physical activity with cognitive changes (multi-adjusted model�).
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�Models adjusted for age, sex, study center, education, depression, alcohol, BMI, benzodiazepine, diabetes, hypertension, APOE 4 allele, consumption of fruits and
vegetables (less than twice per day), cardiovascular disease, and time by age, study center, depression, BMI, diabetes, hypertension and APOE4 allele interactions.
SE standard error, sqrt: square root, ln: natural logarithm.
BVRT: Benton Visual Retention Test, FCSRT: Free and Cued Selective Reminding Test, IST: Isaacs Set Test, MMSE: Mini-Mental State Examination, TMTA or TMTB:
Trail Making Tests A or B.
https://doi.org/10.1371/journal.pone.0252500.t003
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Many studies, systematic reviews, and meta-analyses have evaluated the link between PA
and cognition. The systematic review by Cunningham et al. [26] found a reduction in the risk
of cognitive decline (by 26% for moderate and by 33% for high PA). Conversely, the systematic
review by Kikkert et al. [27] did not find PA as protector of cognitive decline. A meta-analysis
of five randomized trials [28] concluded that PA was not associated with cognitive decline.
These discrepancies may be due to the heterogeneity of the methods used. Some studies [29–
35] used logistic regression analysis, and therefore did not consider the effect of time on the
occurrence of cognitive disorders. Others included only women [32, 36] or only men [37]. In
some studies [33–35, 38], the very short follow-up period did not allow reaching any conclu-
sion. In other analyses [39–44], contradictory results were obtained due to differences in study
design/statistical methods, cognitive test(s) used, or PA type analyzed. Therefore, it is neces-
sary to develop models that take into account time and comorbidities, and with a sufficiently
long follow-up, as done in our cohort. The cognitive domains evaluated and the tests used also
might explain the result heterogeneity. Two indicators of global cognition may show different
results. For instance, in the study by Willey et al [45] PA was significantly linked to global cog-
nition defined by the MMSE score, but not with the Telephone Interview for Cognitive Status
that is more sensitive to memory changes [46]. Noticeably, two studies [42, 47] showed a possi-
ble PA protective effect particularly on episodic memory and language.
Our study did not detect a positive effect of sports and leisure activities on cognition, as
demonstrated by a recent study [8]. Conversely, it found a positive effect of domestic activities
on verbal fluency and executive functions during the 8 years of follow-up, in agreement with
previous findings [29, 48, 49]. Newson et al [49] showed that in older adults, lifestyle activities,
such as household, domestic and social activities, influence some cognitive domains, particu-
larly speed of processing and picture naming. Angevaren et al [48] associated PA intensity
with processing speed; they defined PA by leisure activities (walking, cycling, housekeeping,
gardening). It has been proposed that PA influence some cognitive functions, such as process-
ing speed, more than memory and mental flexibility that require also knowledge and experi-
ence [49]. Household and transportation activities are very important for older adults because
they represent a large part of their daily activities. These regular, non-intensive activities may
have a stronger protective effect on cognition than sport activities that are far less frequent. In
agreement, it has been reported that light, regular aerobic exercise increases neurogenesis and
neuroplasticity and improves cardiovascular function and its associated influence on the cere-
brovascular system [50].
The prevalence of older adults reporting insufficient PA varies widely around the world,
between rural and urban societies, and between men and women, and is increasing in high-
income countries [51]. This might lead to differences in the statistical power of the studies,
and could explain some inconsistent previous findings. The type of PA practiced also is chang-
ing in Western countries, with less time spent performing domestic activities and more time
dedicated to leisure activities. However, these changes are not uniform across countries due to
cultural norms and social habits. For example, the proportion of people performing resistance
training or strength exercises is lower in South-eastern than in Nordic European countries
[52]. Therefore, the results of our study highlighting the importance of domestic activities
should be confirmed in other older populations.
Conclusion
We found a slower decline of cognitive functions, particularly executive functions and verbal
fluency, over a 8-year follow-up period, in�72-year-old people who performed moderate to
high household/transportation activities. Conversely, we did not detect any association with
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leisure and sports activities. These results remained stable after adjustment for potential con-
founders. Our study shows the importance of considering the PA type using a specific ques-
tionnaire that includes also domestic activities. Continuing to participate in domestic activities
and to use adapted transport could allow older adults to better maintain their cognitive
capacities.
Supporting information
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